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ABSTRACT

The dissertation describes actual problems in certifying small airplanes, which are to be
solved by numerical modeling of the airplanes. The work is closely linked to the Euro-
pean project HIRF-SE, which deals with this problem. The essential part of the work
is devoted to describing design of two modules within the HIRF-SE framework: time-
domain finite-element solver BUTFE and its excitation module BUTFE_EXC. The thesis
describes solution of absorbing boundary conditions, dispersive media, anisotropy and thin
wire approximation. Special attention is devoted to a proper approximation of thin wires
with sharp bends. Current implementation of the approximation leads to overlaps of wire

segments.

KEYWORDS
electromagnetic compatibility, finite element method, high intensity radiated pulse, HIRF-

SE, Amelet-HDF, HDF, absorbing boundary condition, dispersion, anisotropy, thin wire

approximation

ABSTRAKT

Disertace popisuje soucasné problémy v certifikaci malych letadel, které by se mély v
budoucnu fesit numerickym modelovanim. Tento postup mé zefektivnit navrh a zlevnit
certifikaci letadel. Prace je tzce spjata s projektem HIRF-SE, ktery se problematikou cer-
tifikace letadel numerickymi metodami zabyva. Podstatna ¢ast prace je vénovana popisu
dvou moduli pro platformu HIRF-SE: fesi¢c BUTFE zalozeny na metodé kone¢nych prvka
v Casové oblasti a budici nastroj BUTFE_EXC. Prace popisuje feSeni pohlcujicich okra-
jovych podminek, modelovani disperznich a anizotropnich materidlu a aproximaci tenkych
drati. Specidlni pozornost je vénovana feseni aproximace tenkych drati s ostrymi ohyby,

jejiz soucasnd formulace zpusobuje prekryvy mezi jednotlivymi segmenty dratu.

KLICOVA SLOVA

elektromagneticka kompatibilita, metoda kone¢nych prvkua, vyzafované pole s vysokou
intenzitou, HIRF-SE, Amelet-HDF, HDF, pohlcujicich okrajové podminky, disperze, ani-

zotropie, aproximace tenkého dratu
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Numerical solutions of EMC problems of small airplanes

1 INTRODUCTION

A growing involvement of electronic devices inside an aircraft and especially employment
of electrical devices in critical flight systems makes electromagnetic compatibility (EMC)
a more and more important part of the aircraft design process. Internal electronic systems
interfere with each other. In addition, all the systems are exposed to influences of radio and
TV transmitters, satellite transmitters, radars, lightning strikes, etc. Such an environment
is known as High-Intensity Radiated Fields (HIRF).

Beyond the usage of electronic devices inside the aircraft, growing interest in EMC is
also given by an effort to reduce costs and increase in-flight comfort. Conductive parts are
increasingly being replaced by composite materials which makes the aircraft lighter but
also more vulnerable to HIRF.

Before final production, each aircraft must pass various EMC tests. This typically
consists in simulating the airplane (or its model) at an EMC test site trying to model
the worst case scenario. These tests are expensive in terms of space, time and money.
Sometimes they may be also destructive.

Previously mentioned inconveniences lead to the effort of numerical modeling before
testing. Testing costs are replaced by computational costs which are decreasing due to
advances in computer technology. This improves the efficiency of the design process and
makes the certification cheaper.

Although various software tools for the electromagnetic (EM) field analysis are already
developed, they usually do not cover the whole area of possible EMC problems related
to the aircraft. Moreover, some differences can appear in results obtained from software
based on different numerical methods due to the strengths and weaknesses of the particular
method. Basically, user should pick the right method based on his knowledge.

Project High-Intensity Radiated Fields - Synthetic Environment (HIRF-SE) [1] aimed
to create a numerical modeling computer framework for the aeronautic industry. The
framework should improve the design phase of the aircraft and also reduce costs of the EMC
tests.

Each partner was developing a specific module making use of the particular method.
All the modules were connected with each other via the format Amelet-HDF [2], which
was also being developed within the project.

The dissertation is closely related to HIRF-SE and focuses on the following topics:
e [TDFE solver} creating a three-dimensional time-domain finite element (TDFE)

solver aiming at EM simulations
° improve the solver’s capabilities towards solving EMC problems con-

cerning small airplanes (thin wire approximation of bent wires)

e [File interface: design an input/output wrapper that will adapt the TDFE solver

for application in the HIRF-SE framework

e [Development tools create development tool(s) for simplifying the design and test

phase and facilitating further improvements of the TDFE solver
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2 TDFE SOLVER

This chapter is dedicated to explaining the core functionality of the TDFE solver called
BUTFE and its excitation module BUTFE_EXC. The involvement of the solver and the
excitation module within the HIRF-SE framework is shown in chapter The semantic
location within the framework is shown on a sample simulation. A description of both
modules from the user’s point of view follows in chapter Chapter focuses on
the mathematical formulation of the problem. Types of basis functions involved in the sol-
ver are described in chapter Chapter concludes this topic.

2.1 Connecting the modules within the framework

This chapter describes work in the HIRF-SE framework from the user’s perspective.
The entire simulation is formed by a chain of sub-simulations performed by various mo-
dules. For each sub-simulation, the HIRF-SE framework prepares an input Amelet-HDF
file, executes the main executable of a given module and reads the outputs from an out-
put Amelet-HDF file created by the module. A schematic diagram of each sub-simulation
shows inputs (left side), module used for the simulation (middle) and outputs (right side).
Notation “(a..b)” represents minimal, resp. maximal allowed amount of data of a given

data type.

Mesh generation
The first sub-simulation is responsible for mesh generation. It uses the module GiD, which
was developed by the group CIMNE [13]. Figure shows that the module accepts up to
five different types of input data and can produce up to two types of output data. All of
them are optional.

In this case, the module is used as a mesh generator. A window, opened within the
sub-simulation, allows the user to define the geometry, generate an output mesh and store

it into an object mesh_gid.

%S Geometry (0...=)

& Geometry
& Mesh (0...=)
& Geomety & Mesh (0...=) & -
fil GiD Projec._. (0...=) [~ Toolspecific Gill GiD @
1.0.1 J= Toolspeciic [l GiD Projec... (0.__=)
Y Data (0...=)
Y Dsts

W Data On Me... (0...

Fig. 2.1 The HIRF-SE framework: Mesh generation.

Sources determination

The previously generated mesh mesh_gid can be linked with the excitation module BUTFE_EXC
(see figure . The module requires one object of type Mesh and produces 3 types of
output data: Mesh, Global environment and one or more objects of type Electromagnetic

source.
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& Geomeiy % Mesh (1) [:& mesh._butle
T El o)
& mesh_gid & Mosh (1) & Geomety 5 BUT_::I_?BEXC % Source = (r... * electromagnetic sDurcei
o N System Global env... (1)
global envircnment

Fig. 2.2 The HIRF-SE framework: Sources determination.

Based on the user defined excitation(s), the module slightly modifies the input mesh_gid
into mesh_butfe and creates a list of requested time samples global environment and exci-

tation samples electromagnetic source. Detailed specification can be found in [2].

Computation

This sub-simulation employs the TDFE solver module BUTFE (see ﬁgure. The module
expects Mesh, Global environment and Electromagnetic source(s) from the BUTFE_EXC
module. The user has to define the remaining input data of the simulation: materials and
physical quantities to compute. Materials are set via object Link and objects of the Ma-
terial category. The module accepts predefined materials like vacuum, perfectly electric
conductor (PEC), perfect magnetic conductor (PMC), classical materials and dispersive
materials given by the Debye model. The materials can be either isotropic or anisotropic

defined by a material tensor.

[:& aeh bufe & Mesh (1) & Geomery
- L= 7. =P8 So
% electromagnetic source l' = ‘ )% uree

K Global env... (1) B System
global environment

= Anisotropi.__ (0.__=)

W Hiield_domain1

% BUTFE i‘_? Dsts g Data On Me... (1.4 W Efield_points2
180 ¥ Efield_domainl

W Efield_points1

=" Debye mate._. (0...=) w  Eguinslent Models

v Maferial

v perfect electric conductor

o5 vacuum 'i
5 link } § Link (1)
ﬂ‘ Simulation
4 output request Ii 4 e (U‘/

Fig. 2.3 The HIRF-SE framework: EM field computation.

The requested physical quantities are defined via Output request. The BUTFE module

supports the following output quantities:

e clectric and/or magnetic field intensity in the middle of a given tetrahedron,
e clectric and/or magnetic field intensity in a predefined point,

e electric current flowing through a predefined wire in the middle of wire segments.

Only an electric/magnetic field in the domain and electric field in two specific groups of
points are requested in this example.
Note that the BUTFE module solves the intensity of the electrical field. The intensity

of the magnetic field is obtained using post-processing.
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Visualization

The last part of the simulation chain could be visualization. The module Paraview is
developed by the company AxesSim. It is a wrapper for a known visualization program of
the same name developed by Kitware, Inc. [14].

Another visualization tool (to be considered as the main tool) in the HIRF-SE fra-

mework is GiD.

& mosh,_butfe & Mesh (0...=) & Geomety

¥ Hfield_domaini

¥ Efield_points1

W Efield_points2
W Efield_domain

% Datz On Me._(0...=) .

5 Paraview No output
1.01

Datz

Fig. 2.4 The HIRF-SE framework: EM field visualization by
Paraview.

% Geometry (0...=)

aﬁ Geomety

& mesh_butfe

il GiD Projec... (0._.®) /= Toolspecific

9 Data (0._=) & Geomety & Mesh (0_=)

i &P ]
1.0.1 f= Toolspecific [l GiD Projec... (0...=)

¥ Hfield_domain1

i Efield_points1

@ Data On Me__ (0.

¥ Efield_domaini
¥ Efield_points2

Fig. 2.5 The HIRF-SE framework: EM field visualization by GiD.

Figures 2.4 and 2.5 are only informative. The module Paraview can handle only inputs
that cover all the elements of the geometry. In this case the Paraview would return that
there are more points in the geometry than just the five predefined groups. The module
GiD was not adapted to be compatible with output data of the BUTFE solver.
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2.2 Description of the modules

BUTFE_EXC module

Excitation is closely connected with the mesh so in order to achieve easy operation, the mo-
dule has to contain a graphical user interface (GUI). Based on my programming skills, I
have decided to make this tool in the MATLAB® environment.

An executable for the HIRF-SE module was generated using MATLAB® Compiler™ [L1].
A special set of libraries called MATLAB Compiler Runtime (MCR) package must be in-
stalled on a target machine in order to run the executable [12]. The MCR installation
package can be freely distributed together with the module.

The excitation tool can work in three different modes: classical, hybrid and eigenmode.
Classical excitation sets distribution in the nearest neighborhood of a given plane. Hybrid
excitation computes the EM field behind a perforated slab using the pulsed electromagne-
tic field (PEMF) method [4] and uses the results for excitation. Eigenmode solves a 2D
eigenmode analysis (using 2D FEM) of a given plane to get desired field distribution.

B eUTFE EXC i 41 = =4

File  Help

¥
£ l:lé—@

-0.01 -0.005 0 0.005 00
x[m)

Hybrid

Description: Description: Description:

/A particular field distribution in close neighbourhood of selected excitation Hybrid excitation employs an analytic method Pulsed ElectroMagnetic Fields Selected rectangular area can be excited by a field distribution computed by
layer can be set. The user specifies three components of the (PEMF) to determine field istribution inthe port nsighbourhood. The PENF an sigenmods analysis. Only x and y components can be szt
electricimagnetic field in a rotated coordinate system (denoted by *). The method computes the electric and magnetic field distribution behind a ‘This type of excitation affects only edges lying in particular surface.

rolation guarantees that the exctation layer fes in x-y piane of the folsted perfectly conducting siab perforated by several siots wih the same

system. dimensions. Since the PEMF counts with an air-filed half-space behind the Input parameters:

This type of excitation affects only edge coefficients of tetrahedrons that. slab, resulting field distribution may be valid only up to specific distance from time discretization, port selection, mode, mode number, E(t) or Hit)
Have a common surface wh the excitatin layer the sisb. The user can dfine this distance.

Output field:
Input parameters: Input parameters: EQx, ¥, 2,1) 07 H(X, ¥, 2, 1) per layer
time-discrefization, port selection, Eix”, y*, 2%, t) andlor HGx', %, 25, 1) time discretization, port selection, (<", ¥*, 1), slot locations and dimensions,
area of vaidity Avalable variables: 1, ot
Output field:
E(x,y, ,t) andlor H(x, v, z, ) per layer Output field:

E(x, ¥, 1) and H(x, ¥, ,t) per layer
Avalable variables:
xy,ztdt Avalable variables:

tat

Fig. 2.6 The excitation tool: choosing operation mode.

All these three cases are restricted to using a plane layer from the input mesh. The
layer is supposed to contain triangle elements. The tool extracts edges from tetrahedrons
forming the neighborhood of the layer and adds the edges into the output mesh (that is
the only difference between mesh_gid and mesh_butfe). The resulting excitation coefficients
are related to the edges.

The general layout of the tool remains the same in the case of all the three modes.
The tool contains the following sections: Main table, Status, Time scale, Time domain
and Excitation layer. The Main table allows to set the excitation formula (time-domain
dependency), Status informs about performed actions. Once the program starts, the input
mesh is analyzed and the optimal time step is determined. The user can modify time

step, number of steps or total computational time in the Time scale panel. The Time

- 10 -
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domain box displays selected excitation signal in both the time and frequency domain.
The Excitation layer lets the user to check space distribution of the excitation. Geometry
can be manipulated through tools in the View or Camera tool bar. Output data is written
using the menu option File— Save (or by pressing CTRL+S). Figure shows the layout
of the BUTFE_EXC module.

B BUTFE EXC w441 ==
File Table Toolbars  Help ~

AHEE CEREY F AD| GO

£z Output Hy Hz Output
none

none. -
cos(pi'(x/0.0228... Jelectromagnetic sour v

Time scal — Exciation layer (electric fieid on EXC).

Time step dt:| 1463212 | Humber of time steps:| 100 Final computational time: | 146310 | s [7] focus on layer Time step:

— Time / frequency A =
Time domain g

Frequency domain

SO0 -0005 0 0005 0.01
x[m

-4 -3 -2 -1 0 1 2 3 4
Frequency (Hzs o

Fig. 2.7 The excitation tool: classical.

BUTFE module
The BUTFE module (TDFE solver) has no graphical interface. It only produces a text
log, which is visible in the framework after the simulation.

Firstly, the input file is processed. The program can continue only if all required inputs
are read successfully. The status of the read processes is reported in the log file. Information
about the read process, sources, and applied simulation parameters is followed by brief
information about the progress and total computational time.

Actual progress of the simulation can be monitored in the framework through the win-
dow “Follow simulation”.

The module offers the possibility of a controlled end of the simulation from the fra-
mework. In this case, the output file will only contain results computed so far. Information

about a premature end of the simulation is noted in the log file.

11 -
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2.3 Mathematical formulation

The BUTFE solver is based on time domain Maxwell equations in differential form. The

resulting system of equations (see equation [2.1) includes absorbing boundary condition

(ABC), Debye media and thin-wire approximation of N wires.

1 2 1]
L A+ lms C n+1) — [ A ——C|vi
[(A) 2At ] (At)? 2|
1 1]
- A+ -—B-— Cl|vyin1}
+ [ (At)Q + 2At 4 _V
1 1
D E {n+1} “E| v 7D S|y
+ |:2At + :| Z’I’LC + 2 VZ’I’LC + zAt + 4 vznc
1
_Zgin+l} _ ,f{n} — ,f{nfl}
4 2 4
1 1 1
Loint1y o L oqny 4 1 {n-1)
+18 +58"+ 8
L gm
(At)” °
where
[T +®° 0 0 [Q o0
0 Ty 0 0 0 0 0
: 0 0 © 0
0 0 0 TN L 0 0 O
[T°+Q PVT Py’ [P 0O
-PY RY 0 0 0 0 O
B= E=|
: 0 0 © 0
-Py 0 0 Ry |0 0 0
s o0 .- 0
c 0 SY 0 0
Sl 0 o
|0 0 0 Sy
e{n} _ 2€{n_1} + e{n_Q}
0 SN
wint — @l/2 ' + Ze—ﬁxpg"—l}
: =1
0
’f 0 e;n
0 £ 0
f= . g = . V= Vine = .
0 £y iy 0

S O O O o o o o

C

(2.1a)

(2.1b)
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and

Sl-,j:///[VxNi (r)] [RT IMOIMR 'V x N; (r)| dV
TY, //N R (coéo) RTN; (r) dV

T, = // N; (r) - R6R'N; (r) dV

P, = V// [ﬁx N; (r)] : [RTllR 'V x N; (r )} s

s2 o fbr
Qi = / Y, [ﬁ % N, (r)} : [ﬁ x N, (r)} ds (2.1¢)
Sasc

// N; ( mp( 7j)dV

(7). = [ o0 aV”’“g; G:1) 4,

S

Note that the first two rows of the final system of equations handle the basic
electric field behavior and its coupling with wire currents. The following row (containing
Vine) takes care of the excitation defined by a boundary condition. Vector f represents
current source and g stands for voltage source. Vectors f and g are set to zero by default
(standard BUTFE code does not consider such sources). Matrix ® and vector W are
related to dispersive media. Matrix R defines rotation of a material with respect to the
global coordinate system.

The boundary excitation E;,. (r,t) is approximated as

Eine r,t Z emc ))] (22)

which may cause some inaccuracy. However passing analytically computed results of terms
V X Eje (r,t) and 7 X E;,. (r,t) as inputs of the solver would complicate implementation
into the framework significantly.

Approximation of the magnetic field over an element is given by

H(r,t)~ R~ HO#TR ZVXN (r )/ e (t) dt (2.3)

13-
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2.4 FEM approximation

Approximation of desired quantity is a key point of the finite element method. The integral
of an unknown field quantity is replaced by a multiplication of unknown coefficients and
integrals of the basis functions which are easy to determine.

The BUTFE solver employs 1D nodal elements for an approximation of wire currents

and 3D edge elements for an approximation of the electric field.

Aproximation in 1D
One-dimensional approximation is used for discretization of wires. Wires are discretized
into a set of line segments. Each segment (element) is expressed in terms of simplex

coordinates

& (s) = Lps & (s) = he s€l,2] (2.4)

o e
where P is the point of interest on the line segment and [ denotes the length of a line formed
by given nodes. It is clear that the i-th simplex coordinate takes value 1 at the ¢-th node,
vanishes on the other one, 32 | & (s) = 1 and & (s) € [0, 1].

Shape function is a node-oriented scalar function defined as follows:

Ny (s) =& (s), N3'(s)=&(s) (2.5)

Approximation in 3D
The structure is discretized into a set of tetrahedrons where each tetrahedron is expressed
in terms of simplex coordinates. The local simplex coordinate system (; 4 satisfies for

a given tetrahedron

4.1 (I') - VP234 Cz (I') o VY1P34

 Visu ~ Visw
\% Vi
G (r) = 12P4 Ci(r) = 123P Ly (2.6)
Vi2za Viaza

where P is the point of interest inside the tetrahedron and V' denotes the volume of a
tetrahedron formed by given nodes. It is clear that the i-th simplex coordinate takes value
1 at i-th node, vanishes on the opposite face, 33i_, ¢; (r) = 1 and ¢ (r) € [0, 1].
The simplex coefficients a;..ds preserve the following relation between the simplex and
Cartesian system:
G(r)=a;,+b;P"+c;P'+d;P* reV (2.7)

where P*, PY and P* are the Cartesian components of the point of interest.

Shape function is edge-oriented vector function defined as follows:

Ny (1) = 1[G (0) VG (1) = G (1) VG ()] k=16 (2.8)
where [; ; is the length of the k-th edge going from the i-th towards the j-th node.
The shape function takes on the remaining (dotted) edges only the perpendicular com-

ponent (or zero value). A tangential component along any edge can be set only using

- 14 -
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the coefficient and shape function belonging to that edge. Since the relevant coeflicient
value is shared between adjacent elements, tangential continuity of the computed field is
guaranteed.

See [6] for further information about obtaining simplex coefficients and computation

with basis functions.

2.5 Conclusion

Chapter [2| has been dedicated to the TDFE solver BUTFE and its excitation module
BUTFE_EXC, including the description of the semantic location within the computational
framework HIRF-SE.

Based on a three-dimensional (3D) nodal-based FEM code for solving modal analysis
taken from my master thesis, BUTFE has evolved into a 3D edge-based TDFE solver
with significant improvements in excitation, applicable material properties and boundary
conditions.

Further development is facilitated thanks to a well-arranged definition of matrices
of the final system Each matrix is stored in a stack. Accompanying details contain
information like which coupling matrices to multiply by (general/wire), which matrix
generator to use (S/T in 1D, S/T/P/Q in 3D) or which temporal operation to apply
(none/derivative/second derivative/integral /double integral). The program passes through
the stack, automatically applies a given temporal scheme and puts the resulting matrices
in the proper place in the system of equations.

BUTFE_EXC is a GUI application that allows to set excitation coefficients related
to a given layer (mesh group) of the computational mesh. Excitation can be set in three
ways: by formula, by formula considering a perforated slab (using PEMF) or waveguide
excitation.

Considering the nature of the chapter content, most of the work presented here is

rather of applied nature. The solver (module) is important from three main perspectives:

e HIRF-SE framework: The module offers results obtained by another method. Re-
sults obtained by various methods can give a better overview of the solved problem.

e fundamental research: The solver offers basic functionality which forms the basis
for further research activities.

e applied research: The solver represents a good starting point for further applied

industrial research.

Although the BUTFE solver can still be considered as underdeveloped (only basic order
of approximation, first order ABC only, no perfectly matched layer (PML)), significant
steps forward have been made. Future students of this faculty will be able to focus on
more attractive topics of numerical analysis having a functional program core already

available.

15 -
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3 BENT WIRES

Chapter describes shortcomings of already published method of a thin-wire approxi-
mation of bent wires and briefly introduces suggested improvements. Chapter defines
methods for an automatic mesh correction of the wire mesh. Chapter concludes this

topic.

3.1 Proposed approach

The solution for arbitrarily oriented wires is given in [5]. Authors divide the wire into a
set of straight parts and bends. While the straight parts follow the original line between
subsequent nodes, bends require special treatment. In order to keep continuity between
two subsequent straight parts, the centerline of the interpolation cylinder does not pass
exactly through a given node.

Figure shows this approach applied on two 90° bends. The wire segment is de-
scribed by a mesh of four nodes z. One may see that the centerline of the interpolation
cylinder matches the wire mesh in the case of the straight parts but goes rather through
a virtual point z in the case of a bent part.

Note that the bends are naturally three-dimensional, however the test bends are per-

formed in a single plane for easier presentation of the results.

Z; Zi
g 72 Zji2

(a) ro = 0.3 |z;z;+1]] (b) 7o = 0.5]|z52;+1]|

Fig. 3.1 The interpolation cylinder proposed in [5]

As authors admit, they assume that two neighboring sectors are not overlapping each
other. Such an overlap can be caused by a large radius of the interpolation cylinder
in the case of sharp bends and an inappropriate choice of discretization of the wire with
respect to the surrounding area. Note that the radius 7y is given by discretization of
the surrounding area. Figure shows the limit case when bent parts are touching each
other. An increase of ry or a sharper bend causes overlaps of the wire segments.

It is usually difficult to discover the discretization issue because the approach solves
each bend separately without any knowledge about position of the following bend and
thus the possibility to detect possible overlaps. The modeler would probably have to start
an iterative process of meshing and check of the continuity of the interpolation cylinder

visually.
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I have focused on inventing ano-
ther approach which would han-
dle the discretization issue by itself.

While the previous approach focused

on the straight parts and treated
the bends to create a smooth cylindri-
cal object, I have decided to do the op-

) Fig. 3.2 The interpolation cylinder, proposed
posite. I have arranged that the cen-

apporach, ro = 0.3 ||z;z;41]|

terline of the bend parts is passing

through nodal points. The straight parts are then treated to match the bends and create
a smooth cylinder (see figure [3.2).

As it turned out, this approach is sensitive to a large ry as well. However, it is able
to detect overlaps of the neighboring segments. The detection allows to skip one or more
nodes causing the overlap(s).

The advantage of this approach is that it solves a pair of two subsequent bends together.
Unsolvable geometry produces imaginary angle values which are easy to detect. The user
can be asked to increase the density of the tetrahedral mesh in proximity of the wire.
A second option is to slightly modify the wire mesh in order to avoid intersections. This
avoids user interaction, however it may lead to loss of accuracy. The following chapter

shows a proposal of how to deal with the modification of the wire mesh.

3.2 Construction strategies

The proposed approach of the construction of the cylindrical area between two consecutive
nodes gives information (a feedback) whether a wire segment is feasible or not. We are
going to present two strategies which use the feedback to make a subset of the original
nodes. This subset contains non-conflicting nodes which form seamless cylindrical area.
The easiest strategy could be called avalanche processing. It means that we sequentially

process segments from one end of the wire to the other.

(a) Awalanche processing (b) Progressive refinement

Fig. 3.3 Results of two construction strategies

Another option is to use so-called progressive refinement. This strategy is more com-
plicated but offers better approximation of the original shape. Nodes are processed in

according to their importance where the most important node defines the sharpest bend
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of the wire. See figure [3.3] for comparison of these two strategies. The original mesh is
denoted by black color, nodes of the final segments are marked by red squares. Centerline
of the resulting cylindrical area is denoted by black dashed line. Part BI is colored in

orange, BII in green and S is colored in blue.

3.3 Conclusion

The proposed approach described in chapter [3| aims to improve thin wire approximation
of bent wires published in [5]. The improvement involves different procedure of creation of
cylindrical area surrounding the wire. Core functionality of the thin-wire model remains
the same.

Main advantage of the proposed approach lies in presence of the feedback. The appro-
ach allows to detect and prevent overlaps within a wire segment (between two consecutive
nodes). The feedback can recommend the user to modify computation mesh or it can be
used for an automatic mesh correction during build process of the cylindrical area.

The construction strategies have been developed for automatic handling of situations
where the original approach fails. Two strategies for the automatic mesh correction have
been suggested: avalanche processing and progressive refinement. Since the second method
exhibited better performance, avalanche processing was no longer applied.

While focusing on the continuity of the cylindrical area, the resulting centerline may
not follow the original route exactly. This brings some loss of accuracy. However user may
be warned about the inconsistency (by number of omitted nodes) and take reasonable
measures.

Unfortunately, the loss of accuracy given by overlaps and errors (Edelvik et al.) can
be hardly compared with the loss of accuracy given by a different route of the cylinder
and omitted nodes (proposed approach). Current distribution cannot be compared due
to unavailability of measurements or any validated software, especially due to inability to

ensure same conditions (boundary conditions and excitation).
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4 FILE INTERFACE

This chapter is devoted to description of the file interface between modules in the HIRF-SE
framework. Chapters and describe connection of the modules BUTFE_EXC and
BUTFE. Chapter introduces Amelet-HDF C library acting as an input wrapper (used
in the BUTFE module). Finally, chapter concludes current state of the Amelet-HDF

specification and the library.

4.1 Module BUTFE _EXC

The Amelet-HDF format is based on Hierarchical Data Format (HDF) [3]. Each object is
described by a path starting with “/”. This symbol represents the file root, another “/”
symbols indicate one step down in the tree structure (e.g. /mesh/mesh_butfe).

Entry point of the simulation is input.h5:/simulation/sim_exc. The dataset inputs con-
tains path to all inputs: only the input mesh /mesh/mesh_gid in this case. The dataset
outputs contains paths to all requested outputs: /mesh/mesh_butfe, /globalEnvironment/-
global environment and /electromagneticSource/sourceOnMesh/electromagnetic source.

The output file looks similarly. It contains only outputs, so that mesh_gid is no longer
present. Note that there is a new layer EXC_eg in mesh_butfe created by the excitation
module from layer EXC. The excitation coefficients /electromagneticSource and the list of
time samples /globalEnvironment are filled by correct values of excitation coefficients and

time samples based on the user definition of the excitation.

4.2 Module BUTFE

Entry point of the simulation is input.hs:/simulation/sim.

Path /simulation/sim/parameter is determined to contain parameters of the simu-
lation. In this case, it contains three attributes: mazThreads, preconditioner and solver.
The first one sets the maximal number of threads to be used for the computation. The
default value (zero) sets the number of threads equal to the number of cores available in
the system. Remaining attributes pick a combination from a list of preconditioners/solvers
of the mathematical library Lis used for the computation [15].

User has defined four output request instances. Each instance defines outputs of the si-
mulation and contains subject (physical quantity to compute), object (where to compute
that quantity) and output (storage for the result). The resulting objects are situated in
/floating Type category.

Subjects of the output request instances are stored in the /label/output request data-
set. In the simulation example, the dataset contains strings “electricField” and “magne-
ticField”.

The category /physicalModel defines materials of the model. The ABC material is re-

served for absorbing boundary condition. In normal situation, material parameters would
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be set via attributes of groups electricConductivity, magnetic Conductivity, relative Perme-
ability, and relativePermittivity.

Instances of the /link category couple any two objects together. Each instance contains
subject (material/object) and object (place). Note that material ABC has to be coupled
with excitation layer EXC' as well in order to achieve proper form of the equation system.

The output file differs only in content of the /floating Type category. The /floatingType
now contains results of the simulation.

The output file must contain only updated /floatingType, /mesh and /simulation ca-
tegories to allow the framework to read results back to its database. BUTFE is forming
the output file by copying the input one and replacing the empty data structures in
/floating Type by the results. This allows to save both results and all input data for the si-
mulation in a single file.

Focusing on the objects in /floating Type category, each of them contains three-dimensional
dataset data containing the field values. Group ds includes three datasets containing de-
scription of particular dimension of the data. Dataset diml! stores path to given mesh
group (e.g. /mesh/mesh_butfe/unstructuredmesh/group/DOMAIN1T), dim2 describes com-

(13}

ponents of the field (“x”, “y”, “z”) and dim3 contains time samples of the data.

4.3 Amelet-HDF C library

The AxesSim company, a developer of the Amelet-HDF format, created a set of source
codes that should help module developers to employ this new file format. However, it ap-
peared that it contained several bugs and memory leaks. So the code was developed rather
from scratch instead of using developer’s one. Unique orientation of the new code has offe-
red possibility to implement the code as a library and make it more universal so that other
partners could benefit from it (although it did not cover all the possibilities of the Amelet-
HDF format). The resulting code of the library was uploaded into the source repository
of the Amelet-HDF website into a separate branch /svn/amelethdf-c/branches/vise [2].

The library provides all necessary functions for reading input files mentioned in chapter
and some extra reading functions which may be valuable for other participants of
the project or people who decide to use Amelet-HDF. Since writing capabilities of the solver
were pretty well covered by the HDF functions, there was no need to implement them into
the library.

The code is divided into files so that each file covers particular category of the Amelet-
HDF (except the general purpose ones). Each file contains functions for reading and prin-
ting data from given Amelet-HDF file. Functions for unallocating memory occupied by
the read data are included too. Names of the library functions start with library pre-
fix “AH5_” followed by “read.”, “print_” or “free_” in order to suggest above-mentioned
purpose.

The Amelet-HDF contains several levels of the tree structure. For example, /out-

putRequest category contains various number of groups. Each group contains various num-
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ber of instances. The library contains functions for accessing each level individually. For
example, the function AH5_read_outputrequest() reads whole /outputRequest category. It
reads number of groups and calls AH5_read_ort_group() to get contents of the instance.
Each AH5 read_ort_group() reads number of instances and calls AH5_read_ort_instance()
to get their contents. A programmer can use any of these functions to work on specific
level.

The library includes following features of the Amelet-HDF specification:

e sources: plane Wave, spherical Wave, generator, dipole, antenna and sourceOnMesh

e all kinds of floatingTypes: singlelnteger, singleReal, singleComplex, singleString, vec-
tor, rationalFunction, generalRationalFunction, rational, dataSet, arraySet

e mesh (both types: structured and unstructured) including selectorOnMesh and me-
shLink

e physicalModel: volume material, anisotropic, surface materials, interface

e cxchange surface, external element, globalEnvironment, label, link, localizationSystem,

output Request

4.4 Conclusion

This chapter has been devoted to more detailed explanation of encapsulation of the BUTFE
modules inside the HIRF-SE platform. The Amelet-HDF has proven to be useful format
for storing data of the electromagnetic simulations (although there is still some room for
improvements). Many developers of EM software are using their own formats which brings
compatibility issues.

It should be said that the Amelet and especially all the HDF stuff behind may be
difficult to understand and limiting when comparing to developing own data format.
An overhead connected with the implementation of a new format may be significant,
especially for smaller projects. This is exactly the case where the library presents main
benefit. It makes the process of the new format understanding and implementation much
quicker.

Original contribution of the work mentioned in this chapter consist in encapsulated
design of the Amelet-HDF C library and its data structures.

Besides its original use in the BUTFE module, the library was used in modules ANN-
Training and ANN-Estimation which were developed for solving postprocessing issues
using artificial neural networks in the HIRF-SE framework. The library has recently taken
place of the main C library in the Amelet-HDF project. The AxesSim company (developer
of the Amelet-HDF specification) has decided to incorporate the library in their software

and still enhances its functionality.
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5 DEVELOPMENT TOOLS

This chapter deals with description of tools that had to be created in order to simplify
development and testing of the modules. Chapter describes a comparison tool CMP
that compares results with a reference. Chapter is devoted to a mesh inspector/post-
processor called Visualizer and finally concludes this topic.

5.1 CMP

The BUTFE module employs OpenMP application program interface (API) that supports
a shared-memory parallelism [16]. Development of such applications can be tricky. Apart
from programming mistakes known from a single-threaded programs, the OpenMP pro-
grams can contain additional issues caused by broken thread safety. Some of the thread
safety issues can be observed only once per tens of simulations. Performing such a number
of simulations and checks manually would require large amount of time. However by using
a comparison tool, one may run the simulations in a loop and check resulting comparison
of all iterations at once.

The comparison tool examines all simulation outputs of an output Amelet-HDF file
with outputs of a reference output file (obtained from a previous simulation declared to
be valid). Since the BUTFE module employs an iterative solver, results may vary a little.

Therefore a number of samples with relative deviation greater than some limit is observed.

5.2 Visualizer

Almost all of the input data for finite element method (FEM) are closely connected with the
computational mesh. The mesh is formed by a complex set of data which is not human
readable without any visualization. The visualization is usually provided by a meshing
software, which allows to check validity of the mesh right after its creation. However
the mesh data format is converted several times before the computation (mainly due to
the Amelet-HDF format).

The Visualizer shows the mesh data right before the computation. It shares its mesh
import code with the BUTFE so it operates with same data as the solver. This helps
avoiding potential errors caused by wrong mesh import and visualizing other variables
related to the solver (global edges, outputs).

In fact, the Visualizer tool does the job of the module Paraview or post-processing
mode of the module GiD mentioned in chapter The reason for developing the in-house
visualization tool was due to the fact that the GiD did not work at all with the BUTFE
outputs and the Paraview module had usually crashed. The Visualizer is even better
because it can work in the course of running simulation while the others would have to
wait for the end of the simulation to post-process the output data.

The tool operates in three modes. The first one is a mesh inspector only. It is called

by the Visualizer executable with a name of an Amelet-HDF file as an input parameter.
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nf:  Electric current: %

[ 1 ABCn

Fig. 5.1 Visualizer: mesh inspector.

The second mode is a combined inspector /post-processor. The Visualizer executable is
called with no parameters. After the execution, the visualization tool waits for the execu-
tion of the solver (BUTFE module). Once the solver is running, the visualization tool
starts displaying the mesh and output requests of the ongoing simulation (only one simu-
lation is expected to running at a time). If the simulation is already running, visualization
starts immediately.

The data transfer between both the programs is carried out using named pipes [17].
Although this inter-process commaunication (IPC) is not “naturally cross-platform”, it is
relatively simple and applicable on both the Linux and Windows compilers used for the
BUTFE module. The pipe data contain name of the input file of the solver to be read by
the visualization tool. The mesh data are stored in the system memory twice. Once for
the solver and once for the visualization tool. It may look like a wasting of resources but
on the other hand, both the tools must be able to work independently. Rest of the pipe
data contains the post-processing data of the output requests for last computed time step.
The BUTFE module can work independently considering a small overhead caused by the
IPC (it sends the pipe data regardless of a receiving).

The third mode is post-processor only. It allows to open already saved output file
containing results. Unlike the second mode, there is no connection with the solver and no
simulation is running. The visualization tool allows to move in time back and forth within
given data range of the file.

The tool allows to toggle visibility of elements and/or element numbers of particular
mesh group, switch between filled and wireframe mode and set type of coloring of the field
arrows. The above mentioned options are accessible through a menu by pressing right
mouse button. Some of them are also accessible using a keyboard.

The user can highlight particular element and its neighborhood. The neighborhood
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Field [y component]:  Electric current: Waltage:

L 1=0.01

Fig. 5.2 Visualizer: element inspection.

is formed by all edges, triangles, and tetrahedrons touching selected element. Important
information about the element is displayed in the top right area of the window.
Particular global edge of the mesh can be located. This is important for the situation,
when placement of the given edge coefficient is examined.
The visualization tool uses OpenGL [18] toolkit FreeGLUT [19]. Display lists, vertex

arrays and vertex buffer objects are used in order to improve performance of the code [18].

5.3 Conclusion

The development process showed the need for some new tools to be designed simultane-
ously with the solver creation. They were not requested by the project, but they made
the development more efficient.

The tool CMP became valuable in testing of parallel code. It can be used in the future
for automatic comparison of two different approaches implemented in single module or
comparison of two different modules giving same kind of results.

The Visualizer had proven its usefulness in many occasions. At the beginning, it was
valuable tool for checking intersections between given volumetric mesh and objects inside
(objects must be part of the volumetric mesh). GiD did not provide such an option.

The visualization of the results of the ongoing simulation allows to observe evolution
of the simulation process. The user can stop the simulation in the case of any problem or
when all important phenomena have ended up earlier than expected.

The visualization of the results of the finished simulation allows to skip uninteresting

phase of the simulation and slowly scroll through the interesting one.
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6 CONCLUSION

This work deals with four main topics where three of them are of rather applied nature
and one provides an improvement of a thin wire approximation in FEM.

The applied nature of the work consist in development of various programs and libraries
aiming to implement a TDFE solver into the HIRF-SE framework. This required designing
unique development tools and proposed several innovative solutions. The development of

the module was being complicated due to the following problems:

e the HIRF-SE framework became available too late

e the need to rewrite the code into the C language while it was originally written in
the MATLAB®

e lack of any excitation tool

e lack of any suitable post-processing tool

e problem with implementation of the time-domain PML into the solver

Since many of the HIRF-SE code developers joined the project with already finished
programs, their main task was only to adapt their solver to the framework by adding
support of the Amelet-HDF format. On the other hand, the BUTFE module has originated
almost from scratch during the project lifetime. Therefore, the Amelet-HDF format became
native input/output format of the module. BUTFE required input data which should be
generated by the HIRF-SE framework (which was not available at that time). This issue
was solved by programming a substitute code for assembling input data for the solver.

The need to rewrite the code into C language was probably caused by some misunder-
standing in the requirements during initial phase of the project.

Definition of an excitation for the solver was expected to be handled by the framework
itself. The solver had to be a commandline tool only and therefore it would be impossi-
ble (extremely user-unfriendly) to define excitations without any GUI. A new module
BUTFE_EXC was invented to deal with this problem.

The lack of suitable post-processing tool was solved by programming of the Visuali-
zation tool mentioned in chapter

The PML was intended to form a reflectionless boundary in the BUTFE. However, all
attempts to implement the PML failed.

Despite all the mentioned complications, the module was succesfully implemented into
the framework as an optional module. The Amelet-HDF library (chapter recorded
success while it became an official C library of the Amelet-HDF project.

The improvement of the thin wire approximation (chapter [3)) lies in different procedure
of construction of the cylindrical area around the wire, core of the method remains the
same. The proposed procedure can detect and prevent overlaps of neighboring wire seg-
ments. The feedback allows implementing an automatic omission of certain nodes and
creation of a geometry that approximates the original wire mesh most closely. This leads
to more accurate results provided by the numerical solver. The method cannot prevent

overlaps caused by proximity of two or more nodes that are not strictly next to each other
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in the wire mesh. However, occurrence of such situation is less probable than occurrence
of overlaps caused by two consecutive nodes. A general algorithm that would avoid inter-
section caused by non-consecutive nodes could be subject of a future investigation.
Experiences were presented on the International Travelling Summer School on Microwa-
ves and Lightwaves [7], International Conference on Electromagnetics in Advanced Appli-
cations [§] and on the COST workshop [9]. Integration and validation of the TDFE module
was presented in a joint paper prepared with colleagues from University of Gdansk and

Sapienza University of Rome [10].
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